Abstract-The HTS insert for the 32 T superconducting magnet is comprised of two dry wound, double pancake REBCO coils of different lengths, nested within an LTS outsert. The high fields present within the HTS coils create large axial compression forces and significant radial expansion. The mechanical solutions implemented to account for the effects of axial and radial coil movement are described. These solutions are applied throughout many of the mechanical subsystems in and between the HTS coils, including electrical terminations, electrical bussing, external reinforcing of the windings, and suspension of the HTS coils within the outsert. Experiences from the assembly in preparation for the initial operation of the magnet are also shared.
I. INTRODUCTION
T HE high field operating conditions and dry-wound nature of the HTS insert for the 32 T All Superconducting Magnet present specific mechanical challenges. These challenges must be adequately addressed in order to provide the NHMFL with its first high field, all superconducting user magnet [1] . While successful HTS coils using REBCO tape have been fabricated elsewhere [2] - [5] , none have yet been built with the intent to function as a user magnet. Under normal operation, the HTS coils will experience significant axial contraction and radial expansion. These effects must be accommodated by mechanical structures which allow the coils to move in a controlled manner while retaining good support against other degrees of freedom. Electrical connections must also move with the coils while maintaining low resistance and good performance over a high number of cycles. This paper presents the mechanical support solutions implemented on the 32 T magnet in order to address the change in the axial and radial coil dimensions during operation.
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II. ELECTRICAL TERMINATIONS

A. Radial Expansion
When the magnet is energized, strong Lorentz forces push the conductor outward, away from the central axis. Analysis of the stress/strain state of the conductor used in winding the HTS coils has given a nominal design strain of 0.4% in the larger of the two coils [6] . The result of this strain during coil operation is a radial expansion of slightly less than 0.5 mm. This expansion must be accounted for in the electrical terminations to the top and bottom of each coil. While the radial expansion will be less on the inner of the two HTS coils, similar designs are implemented on both coils. Several changes have been made to the terminal design from what has been previously discussed [7] .
B. Constraints
Terminations in the coil must serve to mechanically secure the end of the conductor and electrically connect the turns to the current leads. A design has been implemented to separate these two functions in order to provide a more favorable stress state at the electrical connection. Two terminals, one acting primarily as an electrical termination and the other as solely mechanical, are connected to the outside turns at the top and bottom of each coil. Both of the terminals are permitted to move radially outward but have restraints prohibiting movement tangential to the windings. Tolerances are applied to the two terminals so that the mechanical terminal will resist tangential movement before the electrical terminal. This allows the mechanical terminal to take the tensile forces in the conductor while the electrical terminal's tangential constraint functions only as a backup to protect the current path in the event of a mechanical terminal failure. During attachment to the coils, the electrical terminal was soldered to the windings and secured in place while the conductor was held in tension. Then the mechanical terminal was soldered and secured in place before the conductor was cut from the payoff spool.
The radial movement of the terminal to follow the expansion of the coil is now passive in nature with no active assistance. The terminal's solder connection to the outer turn of the coil is the mechanism for moving the lower part of the terminal outward. Additionally, the axial degree of freedom has been removed so that the terminal is secured axially to the end flange and the end flange moves with the contracting coil. Because the terminal is now affixed to a moving coil, the lead is required to accommodate small displacements and the sensitive terminal region is made less susceptible to damage from unnecessary degrees of freedom.
C. Terminal Design
The electrical terminals on the HTS coils, shown in Fig. 1 , allow radial displacement by means of a split, two piece copper terminal with a tongue and groove mechanical connection. The two pieces are traced with REBCO tape to provide a continuous nearly superconducting path which connects the copper pieces. The REBCO extends over both copper pieces and is intentionally left unsoldered to the last 15 mm of the upper copper piece so that the tape may bend as the lower copper moves outward with the coil. The upper copper piece mounts to G10 insulation which is secured to the flange. The lower copper piece serves as a link between the REBCO tape and the REBCO scarf piece.
The terminals are assembled off-line and then connected to the coil and to a superconducting lead. The terminal-to-coil connection is made through the scarf to the outermost turn of REBCO as shown in Fig. 2 .
Design for the mechanical terminals is simplified by eliminating the upper copper piece of the terminal. The lower copper piece is enlarged and reacts in a tongue and groove configuration with the G10 insulator to support the tangential load through the conductor. Fig. 3 shows the parts of the mechanical terminal assembly. 
III. MECHANICAL SUSPENSION
A. Axial Displacement
The winding methodology employed in fabricating the double pancake modules has progressed so that now, each module is consistently flat and smooth. However, the dry wound nature of these coils and the use of wax, and not epoxy, as an impregnation medium [6] means that there will be a moderate level of compliance in the coils when subjected to substantial clamping forces. This compliance was measured under loads up to 20 kN for the prototype coils. Conservative coil compression figures have been determined based on the extrapolated data from these measurements. Mechanical supports for coils 1 and 2 of the HTS insert have been designed to allow for an axial compression of 1.3 and 5.8 mm respectively during operation. This takes into account the need to allow the coils to remain centered about the mid plane and be independently supported to facilitate a difference in displacements of up to 2.3 mm between the two coils at each end.
B. Support Structure
The structure used to support the coils is comprised of three distinct elements, as shown in Fig. 4 . A machined rod, threaded on one end, attaches to the coil end flange. The rod is fitted into a cup shaped element with a prescribed tolerance to allow for a piston-in-cylinder type movement. The rod is held under load by a stack of Belleville washers and transfers a compressive load to the coil. Spring travel and stiffness are two parameters that were chosen in order to allow for proper coil movement while retaining sufficient force in order to keep the end flanges pressed firmly against the modules. A design of 25 Belleville washers, stacked in series, was chosen for use with both coils at each support rod location. This arrangement is initially compressed to 6 mm and provides a compressive force of 762 N per rod. The design allows for either moderately high or low coil compliance while also allowing for a 3 mm axial misalignment between magnetic centers of coils. This ensures that the coils will remain in compression from both ends, even with small errors in centering during assembly and regardless of the exact coil stiffness value. Table I shows some of the parameters associated with the coil suspension.
C. Radial Restraint
While the mechanical support structure must allow the coils to move along axis, they must also prohibit other degrees of freedom, specifically radial motion. A small misalignment between the central axes of the HTS coils and the LTS coils will result in radial forces trying to move the axes further apart. The structural stiffness of the support structure in the radial direction must be greater than the magnetic stiffness in order for the coil to resist radial movement. The radial stiffness of the support structure has been analyzed using FEA to compare against the magnetic stiffness of the coils. The structural stiffness of the suspension system is more than five times greater than the magnetic stiffness for the coils. This insures that forces generated by a small misalignment of the coils will be contained by the support structure, preventing damage to the features on the outside of the coils if they were to contact the bore of the next nested coil.
IV. EXTERNAL REINFORCING
A. Stainless Steel Tape
Electrical connections between modules, and connections from the coil to the terminations, occur on the outside of the coil windings. It is important to minimize mechanical stress concentrations in these areas to ensure good electrical integrity. The crossover connection between two modules ties the tail ends of the conductors together as they exit in opposite direc- tions. This connection is made using multiple pieces of REBCO conductor, pre-assembled side by side, and soldered to the adjacent disks between two double pancake modules. This adds approximately one conductor turn thickness, less than 0.2 mm, to the radial build at this location. If left otherwise unsupported, this would create a significant stress concentration in the sensitive electrical region. To mitigate this, the tails of the conductor are extended beyond the crossover and stainless steel cowind is continued for several turns. Then, an additional build of 1.5-2 mm of stainless steel tape is wound over the co-wind at the same winding tension. This reinforcing on the outside of the windings provides support for the electrical connections underneath and secures the tail of the windings against the tangential forces directed through the conductor. This allows the crossover region to function in an electrical capacity without being the primary element for taking the tangential load from the conductor.
B. Band Clamps
The addition of steel reinforcement on the outside of the windings, while securing the REBCO conductor, must itself be secured in order to perform its intended purpose. A band clamp has been designed to secure the tail end of the steel tape against the winding pack. The clamping force between the band material and the steel tape provides sufficient friction to maintain the tension in the tape. The band clamp, shown in Fig. 5 , is made up of a thin band material and two end pieces brazed to the band and clamped together with small screws.
A particular challenge in design of the band clamps is the moderate strain which will be present for a large number of cycles. The geometry of the clamp pieces have been designed to minimize sharp changes in the cross-sectional area where the band attaches to the clamp pieces. The thickness of the clamp pieces create a region where little strain will be observed compared to the much thinner band material. Therefore, a smooth geometric transition is desired. The clamp pieces tapper off in two directions to provide the desired transition at the brazed con-nection. Fatigue testing of several designs has been performed to identify failure modes and the design has evolved to eliminate features which hinder the durability of the design.
V. ELECTRICAL BUSSING
A. Design Considerations
Due to the high magnetic fields, greater than 10 T, at the lead locations and the difficulty involved with attempting to transfer the flexible section outside of the high field region, NbTi wire was not the selected mechanism to allow flex within the lead structure. Instead, different designs were selected which incorporate REBCO tape to transfer current through flexible sections. These sections are expected to experience several millimeters of movement as the coils are energized and must be well supported against forces encouraging other undesired movement. The flexible leads have therefore become a mechanical sub-system where proper support, range of motion, and fatigue life are necessary considerations.
There are two sets of flexible superconducting leads used on the HTS coils of the 32 T magnet. The first set connects to the electrical terminations at the tops of coil 1 and coil 2. The second flexible lead is a jumper from coil 1 to coil 2 on the bottom end of the coils. The electrical bussing leads are required to move in order to accommodate the compaction of the coils while providing a superconducting path and low joint resistance. The leads must be supported against forces created by the specific orientation of the lead and the direction of current flow in the magnetic field. An additional challenge was to fit these two assemblies into tightly confined areas, and in such a way that allowed for tool and soldering iron access during the appropriate phase of coil assembly.
B. Upper Flex Leads
For the upper flexible leads, CORC cables [8] supplied by Advanced Superconductor Technologies were chosen. Each cable contains 16 individual 2 mm wide REBCO tapes wrapped around a copper core. The less than 4 mm diameter cable can easily accommodate the coil current and has the flexibility to bend at moderately small radii without incurring damage. A G10 structure shown in Fig. 6 was built to house the flexible leads and provide constraints for the allowable bending parameters. The leads are constrained to bend in only one plane and allow the coils to contract axially during operation.
C. Lower Flex Leads
The lower flexible lead is a jumper between the bottom electrical terminals of the two HTS coils. The design used in this location is an adaptation of a previous design used on the 32 T prototype coils. The flexible lead is made up of 8 REBCO conductors inside of a copper braid, attaching at the ends of the two terminals. The conductors are oriented in the same manner as the module windings, the width of the tape facing the central axis. Solder connections are made from REBCO to REBCO in order to achieve minimal joint resistance. This also allows the lower flex lead to be attached without the addition of large copper terminations, and to fit in the limited space below the coils. A support structure is comprised of several pieces of G10. The structure, shown in Fig. 7 , provides a smooth form to guide the flex lead from one terminal to the other and a channel to place boundaries on the travel. The motion of one end of the flex lead with respect to the other is accommodated by slight twisting of the conductor inside of the copper braid. The routing of the lead is oriented so that Lorentz forces push the lead against the support structure. The 8 conductors are supported by the braid against additional unwanted motion while accommodating up to 4 mm of differential coil contraction on the bottom end of the coils.
VI. SUMMARY
The specific challenges presented by the significant axial compaction and radial expansion of the 32 T HTS insert coils have been addressed in the present design and fabrication of mechanical structures. While some of these designs have been refined over the course of several test coils and others are unique to the final iteration of the 32 T assembly, each mechanical support solution plays a role in giving the NHMFL its first high field, all superconducting user magnet. Scheduled commissioning of this magnet will provide useful information in the performance characteristics of these solutions and help to evaluate the success of the mechanical design.
